The activities of glucose 6-phosphate and 6-phosphogluconate dehydrogenases, transketolase, phosphoglucose isomerase, and fructose 6-phosphate kinase were studied in extracts of wintering poplar (Populus gelrica) xylem. The xylem of wintering poplar showed high levels of transketolase, glucose 6-phosphate, and 6-phosphogluconate dehydrogenases. On recommencement of growth, the two dehydrogenase activities decreased. The three remaining enzymes appeared to be unchanged. In spring and early summer, glucose 6-phosphate dehydrogenase of the xylem was extremely low. On the other hand, 6-phosphogluconate dehydrogenase, which also became lower during the metabolic shift from winter to spring, was readily detected, and was several times higher than glucose 6-phosphate dehydrogenase throughout the year. Gibbs (5). In order to gain an understanding of the regulatory behavior of pentose phosphate cycle enzymes in the xylem, activity levels of glucose-6-P and 6-P-gluconate dehydrogenases, transketolase, glucose-6-P isomerase, and fructose-6-P kinase were studied. Evidence presented in this report shows that the xylem of wintering poplar has a high level of pentose-P cycle enzymes and that the differences in the activities of the two dehydrogenases were conspicuous in winter and spring, suggesting the existence of a distinct regulatory process at the branch point of glucose-6-P metabolism in the xylem.
The accumulation of various sugars in wintering plants and the cryobiological significance of these compounds, with particular reference to freezing resistance, have been studied by a number of workers (17, 18) . However, little attention has been given to the biochemistry of wintering plants, especially that of the stem of perennials. Higher plants require a number of sugars to synthesize the structural components of a stem as the growth proceeds (12) . In perennial plants, such as poplar (Populus gelrica) the requirement for the sugars as the building block seems to vary from one growth phase to another, owing to a metabolic shift occurring in cellular organization. Therefore, when autumn comes and growth ceases, it is conceivable that the cellular metabolism begins to shift to that characteristic of winter. In the spring, with the commencement of growth, the cells resume enzyme organization for growth.
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The metabolism of carbohydrates and the biochemical significance of the pentose phosphate cycle in plants have been reviewed by Gibbs (5) . In order to gain an understanding of the regulatory behavior of pentose phosphate cycle enzymes in the xylem, activity levels of glucose-6-P and 6-P-gluconate dehydrogenases, transketolase, glucose-6-P isomerase, and fructose-6-P kinase were studied. Evidence presented in this report shows that the xylem of wintering poplar has a high level of pentose-P cycle enzymes and that the differences in the activities of the two dehydrogenases were conspicuous in winter and spring, suggesting the existence of a distinct regulatory process at the branch point of glucose-6-P metabolism in the xylem.
MATERIALS AND METHODS
Chemicals and Enzymes. The following sugar phosphates, nucleotides, and enzymes were products of Boehringer u. Soehne GmbH: erythrose-4-P, ribose-5-P, fructose-6-P, glucose-6-P, fructose-1, 6-diP, NADP+, UTP, glucose-6-P and 6-P-gluconate dehydrogenases, phosphoglucomutase, and glucose-6-P isomerase. Erythrose-4-P was also prepared from glucose-6-P by lead tetraacetate oxidation (2) and freed from glucose-6-P by incubating the solution with excess glucose-6-P dehydrogenase, lactic dehydrogenase, pyruvate, NADP-, and tris-HCI buffer, pH 7.6, as described by Horecker (6) . L-Lysine-U-'4C, glucose-1-"4C, glucose-6-'4C, and glucose-U-'C were purchased from the Daiichi Chemical Co. and glucose-6-P-U-4C was prepared by the methods of Lowenstein (10) . A preparation of an equilibrated mixture (21) of ribose-5-P, xylulose-5-P, and ribulose-5-P using a popular bark extract was described previously (16) . Partial purification of xylem glucose-6-P dehydrogenase was carried out by the method described by Horecker et al. (8) .
Plant Material. P. gelrica was grown in the field or in pots. One-or two-year-old twigs were collected and used either on the same day or stored in a polyethylene bag at -6 C. The potted plants wintering in the field until mid January were stored at 4 C for 20 days and were then placed in a green house.
Crude Enzyme. The xylem with the bark and pith removed was used for the study of enzyme activity determination. Crude enzyme solutions were prepared daily by grinding 1.0 g of excised small pieces of the xylem in a mortar for about 5 min in the presence of 1.0 g of sea sand and 3.0 ml of 50 mM tris-HCI, pH 7.6. A turbid solution was obtained by pressing the slurry through gauze. This was followed by decantation of the extract to remove sea sand and cell debris. The resulting solution was dialyzed for 90 min against three changes of a 20-ml portion of the above buffer. Since activities of the two 750 dehydrogenases (and transketolase) in the poplar xylem were found only in the soluble fraction, the supernatant was centrifuged at 12,000g for 10 min. Glucose-6-P isomerase and fructose-6-P kinase activities, found both in the soluble and insoluble fractions were measured with the dialyzed enzyme without centrifugation.
Enzyme Activity Measurement. Glucose-6-P and 6-P-gluconate dehydrogenase assays were carried out by conventional spectrophotometric methods (8) 7.6 in a total volume of 3.0 ml.
Glucose-6-P isomerase was assayed by a slight modification of the procedure of Slein (19) . The reaction mixture consisted of 5.0 ,umoles of fructose-6-P, 150 Mimoles of tris-HCl buffer of pH 7.6, and the xylem enzyme in a total volume of 0.5 ml. Incubation, sampling, deproteinization, and removal of colored materials were carried out as described for the transketolase assay. A 0.2-ml aliquot of the decolorized solution was assayed for the glucose-6-P formed by the poplar enzyme in the following mixture; 0.32 ,tmole of NADP+, 0.5 unit of glucose-6-P dehydrogenase, 30 ,umoles of MgCl2, and 150 limoles of tris-HCl buffer of pH 7.6 in a total volume of 3.0 ml.
The procedure for the fructose-6-P kinase assay of the plant enzyme (1) Incorporation of L-Lysine-U-14C. A piece of twig sample of poplar, 1.0 g in weight, 0.5 to 0.6 cm in diameter and 5 to 6 cm in length, was excised fresh before use. Both the lower and upper cut ends of the excised sample were cut evenly with a sterilized blade. The sample was held vertically with the original lower cut end upward, and 15 ul of L-lysine-U-'4C (0.05 /tmole, 3.6 X 105 cpm) was placed and transfused to the cut end. The transfused twig sample was covered with Parafilm and kept for 20 hr at 20 C. At the end of incubation, the samples were chilled on ice and separated into the bark and xylem fractions. This was followed by grinding with 1.0 g of sea sand in the presence of S ml of 50 mi tris-HCl buffer of pH 7.6 ml. Glucose-6-P dehydrogenase (1.4 units) was added first (glucose-6-P assay), followed by 2 units of glucose-6-P isomerase (fructose-6-P assay), and then 2 units of phosphoglucomutase (glucose-l-P assay). (b) Assay of 6-P-gluconate (8) Preparation and Analysis of Soluble Amino Acids and Amides. The xylem and bark were cut to pieces immediately and ground at 0 C in 2 ml of 0.2 N HC104 in a mortar. The slurry was transferred to a test tube and centrifuged for 5 mm at 2500 rpm. After a three-time extraction with a 4-ml portion of water, the pooled extract was neutralized to pH 6 with 1 N KOH and was dried in vacuo over H2SO. The sample was dissolved in 1.0 ml of H20, centrifuged at 100,000g for 10 min, and an aliquot of the supernatant was analyzed with a Hitachi Amino Acid Analyzer.
Analysis of Respiratory CO2. In order to avoid artifacts resulting from the difference in activities between the upper and lower parts of a twig, a piece of twig sample with 1.5 cm in diameter was carefully selected for uniformity and a set of a comparative xylem piece (0.2 g wet weight each) was excised from the same xylem sample. In this way errors due to positional differences were minimized. The specific radioactivity of the glucose used was 10 mc/mmole both for glucose-1-'4C and glucose-6-&4C. Three microliters containing 0.06 4mole of the glucose were transfused quantitatively to the xylem sample, followed by 3 ,ud of sterilized water as described above in the incorporation experiment of lysine-"C. The xylem sample was then placed in a glass tube (7 cm long x 0.5 cm2). CO8 free air was passed through the tube at a flow rate of 12 ml/ min at 20 C. Respiratory CO. was trapped in 1.0 ml of 1 N NaOH and the tube containing the alkali was changed every 30 min. After 1 hr, 60 mg of NHC1 were added to each of the NaOH samples and the CO. was precipitated from the solution by adding 1 ml of 1 M BaCl2. An aliquot of the BaCO.
suspension was collected on a disc of Whatman glass fiber paper and counted with a gas flow counter.
Protein determination was carried out by amino acid analysis (20) after hydrolysis with 6 N HCI for 22 hr and bovine serum albumin was used as the standard.
RESULTS AND DISCUSSION
The levels of glucose-6-P and 6-P-gluconate dehydrogenases were followed throughout the year and summarized in Figure 1 . The xylem of wintering poplar contained high levels of the two dehydrogenase activities. Decrease of the two dehydrogenases began at the onset of budding and the activities fell steeply during the following 2 to 3 weeks. In summer, the xylem contained very low glucose-6-P dehydrogenase activity which was hard to measure accurately by spectrophotometric methods. The level of 6-P-gluconate dehydrogenase also became low. However, it could still be detected spectrophotometrically, and was several times higher than the former throughout the year. The low dehydrogenase activities lasted into late October and then, before shifting to a cold environment, appeared to resume their original activities. In contrast to bark extract prepared from the budding twig, which contained a strong inhibitory material for glucose-6-P dehydrogenase (15) , xylem extracts contained very little inhibitory materials for the dehydrogenase and more than 90% of the commercial glucose- Changes in the activities of glucose-6-P and 6-P-gluconate dehydrogenases in poplar xylem on budding. The levels of glucose-6-P dehydrogenase(G6PDH), 6-P-gluconate dehydrogenase(6PGDH), and transketolase(TK) are expressed as 1imole NADPH formed/g dry wt xylemhr. Glucose-6-P isomerase and fructose-6-P kinase are expressed as Mtmole glucose 6-P or fructose-I , 6-diP formed/mg protein -hr. Some of the isomerase and kinase remained bound to the insoluble xylem debris, and it was therefore not possible to express as total enzyme activity in a unit weight of the xylem. The bud opening occurred in early May, and the leaves shed in late October. 6-P dehydrogenase activity added to the xylem extract could be recovered.
In order to determine whether the decrease in glucose-6-P dehydrogenase at the onset of budding was due to the appearance of an inhibitor, specific for the poplar enzyme, equal amounts of the two xylem extracts, i.e., wintering and growing, were mixed and assayed. The activity of the mixture was found to be the sum of the separate activities. Furthermore, equal amounts of the scissored xylem sample of the two growth phases were mixed and homogenized as described under "Materials and Methods." The activity of the extract was exactly the expected value from separate analyses. A xylem extract prepared from budding poplar was heated for 10 min at 95 C. After cooling on ice and following centrifugation for 10 min at 1 1,OOOg, an aliquot of the supernatant, equivalent to 0.1 g wet xylem was mixed with 116 ,ug of a partially purified glucose-6-P dehydrogenase (activity; 0.043 btmole of NADPH per min mg of protein) of the wintering xylem, equivalent in activity to 0.1 g wet weight, and assayed. No inhibition of glucose-6-P or of 6-P-gluconate dehydrogenase (activity; 0.145 ,umole of NADPH per min-mg of protein) present in the enzyme preparation was observed. Thus, the occurrence of a specific inhibitor for xylem glucose-6-P dehydrogenase, must be excluded.
During dialysis or storage on ice, glucose-6-P dehydrogenase in crude extracts from the wintering xylem slowly decreased. Treatments of the extract with Dowex 1 (19) to remove phenolics, if any, did not stablize the enzyme. Addition of 0.15 mM glucose-6-P, a physiological concentration of poplar xylem (Table I) , to the extract, prevented inactivation. However, homogenization of the growing xylem in the presence of the substrate at the same concentration had no effect on inactivation of the enzyme. The possibility of a differential inhibition or activation caused by small molecules, is therefore remote.
Concurrent with the decrease of the two dehydrogenase activities, a series of other events occurred (Tables II and III) . The data in Table II show the change of water-soluble protein during the transition from late winter to early spring. A decrease of the soluble protein level was evident both in xylem and bark. This was also true for the insoluble protein fractions found in wintering bark. Analysis of free amino acids and amides in wintering xylem and bark (Table III) indicated that arginine is a major storage amino acid in poplar stem (in xylem 84% and in bark 48% of total). At the onset of budding, a striking change was observed in xylem arginine which decreased to a level of one-fifth of that of winter material. The decrease of arginine and lysine in the xylem and an increase of other amino acids took place during the period, and the glutamine fraction (mostly glutamine) increased to a level 25 times that of winter. In bark, the arginine level remained relatively constant, while the remaining amino acids increased several-fold. These results indicate that there is a substantial change in protein and amino acid at times before visible growth occurs and under these conditions, the poplar becomes more labile to cold temperature. Accumulation of arginine in apple tree was reported by Oland and Yemm (13) .
To gain an understanding of the regulatory behavior occurring in the xylem, the levels of transketolase, glucose-6-P isomerase, and fructose-6-P kinase were studied. The levels of these enzymes (Fig. 1) did not seem to change significantly during the period, although a slight variation in the activities was found, but it was difficult to distinguish between the variation of the activities occurring at the beginning of budding and the individual differences. Glucose-6-P dehydrogenase of the wintering poplar bark was very low and difficult to measure quantitatively by the spectrophotometric method as in the case Table III . Chaniges inz the Soluble Amino Acids and Amides int Xylem antd Bark during Trantsitionz from Winiter to Sprinig Poplar trees were grown in pots and were left in the field until mid January. The entire plants were stored at 4 C. These were then placed in a green house and allowed to proceed to budding. Budding began within 2 to 3 weeks after placing the trees in a green house. L-Lysine-U-'4C was transfused to a piece of twig samples at the different growth phases. The transfused twig samples were placed for 20 hr at 20 C. The extracted protein, precipitated by 5% trichloroacetic acid and washed as described under "Materials and Methods,' was counted with a gas flow counter. The results in Table V show the total radioactivity found in a 1.0-g wet weight sample. Details were described under "Materials and Methods. 'Poplar trees were grown in the pots and conditions of budding were as described in Table III. of the growing poplar xylem, indicating that the wintering xylem contained higher levels of pentose-P cycle enzyme than the bark.
The potted poplars left in the field until mid January and stored at 4 C for 20 days, were placed in a green house and allowed to proceed to budding without any control in the photoperiod. Changes in the level of the two dehydrogenases of the xylem followed. Within 2 weeks after the beginning of budding, most of the dehydrogenase activities disappeared, regardless of the natural budding season. Thus, the beginning of the budding period of the entire poplar plants was accompanied by a rapid and significant decrease of the two enzymes.
The data in Figure 1 show that the glucose-6-P dehydrogenase activity gradually became more active toward late autumn, and as the temperature became lower and poplar trees shed their leaves, the activity appeared to resume its original activity. The increase in activity would then appear to be associated with the increased demand of NADPH for required reactions for wintering. When midwinter comes, the active synthetic reactions coupled with NADPH oxidation cease, resulting in a decreased rate of glucose-6-P oxidation. Analysis of 6-P-gluconate. glucose-6-P, glucose-i-P, and fructose-6-P in xylem was carried out (Table I ) and corrections were made for recovery as determined by glucose-6-P-U-1`C. A difference was observed in the concentration of 6-P-gluconate, which was present in the wintering xylem at a concentration of approximately 1.7 FeM and disappeared at the onset of growth. The physiological concentration of the glucose-i-P and fructose-6-P remained relatively constant before and after budding, while the glucose-6-P level decreased slightly during the period of budding. The disappearance of 6-P-gluconate in a budding xylem is consistent with the decreased level of glucose-6-P dehydrogenase on budding.
A comparison of glucose-1-'4C and glucose-6-11C was carried out (Table IV) in order to measure the oxidative pentose-P cycle. There were considerable changes in the metabolism of glucose in the xylem before and after budding. The increase in C,! Ca ratio after budding resulted from increased`4CO, evolved from glucose-6-"C. Inhibition of glucose-6-P isomerase by 6-P-gluconate was reported earlier by Parr (14) and Kohana et al. (7) and the Ki was reported to be 5 ,M (7) . It could account for the increased asCO2 from glucose-6-14C. In the condition under which 6-P-gluconate is accumulating, the coenzyme remained mainly in a reduced form, resulting in a decreased rate of "CO2 production from glucose-l-"C. Since only wintering xylem contained an appreciable amount of 6-P-gluconate (1.7 nmoles/0.1 g dry weight of xylem) and less than 2% of radioactivity was recovered from the a4C-glucose (1.2 nmoles from given 60 nmoles) for 1 hr, the total amount of CO2 produced from C-1 of glucose in the wintering xylem would be more than twice as much as that shown in Table   IV . After budding, there were essentially no increase in "4CO2 production from glucose-i-`C.
Incorporation of L-lysine-U-`C into stem protein was studied and the results are shown in Table V . The level of the lysine pool size in wintering and growing poplar was shown in Table  III . In poplar twigs, the free lysine pool in the xylem declined on budding to a level of 64% of the winter, whereas in the budding bark lysine was present at 3.8 times of the concentration of winter. There was an inverse relationship in the level of the lysine pool, and the difference in the incorporation of labeled lysine between the xylem and the bark might be due to the different degrees of dilution (Table V) . At the end of incubation, about 40 and 50% of the labeled lysine were present in the xylem and the bark, respectively. These results show that in contrast to the distinct decrease of the soluble protein and of the levels of the two dehydrogenases, incorporation of lysine-U-"C into xylem protein appeared to remain relatively constant during the period. A selective breakdown and a synthesis of proteins appeared to be taking place at the same time during the period of budding of the entire poplar plants.
Thus, the distinct decrease and the increase of the two dehydrogenase activities appears to be a characteristic event, regulated by the over-all developmental process. The changes were completed in a 1-year cycle. The question as to how the two dehydrogenases function in potentiating the stem is obscure, but it is nevertheless clear from my results that the changes of the two dehydrogenases depend on the metabolic phase of the life process.
The findings described in this paper pose questions as to the biochemical functions of xylem in the life process of perennial plants as well as poplar, and seem to have bearing on the two aspects of stem metabolism. An obvious implication of these results is that at the onset of budding enzymatic activity of the first step of the oxidative pentose-P cycle in the xylem cells of poplar stem will be controlled to such an extent that it is permitted to proceed at a rate commensurate with the demands of the cell. Another aspect of the results might be related to the functional consequence of the dehydrogenases in stem cells to provide energy and materials for a fundamental demand, since in a 5-year-old poplar stem (10 cm in diameter), the annual ring of the 5th year still contained an appreciable amount of glucose-6-P dehydrogenase activity (2.6 1-cmoles of NADPH per g dry weight of xylem-hr), although a considerable decrease in its activity was present as compared with the newly synthesized xylem (6.7 ptmoles of NADPH per g dry weight of xylem hr).
